Abstract. Porcine reproductive and respiratory syndrome virus (PRRSV) has been recognized to inhibit the response of type I interferon (IFN) both in vivo and in vitro. However, the post-transcriptional mechanism by which PRRSV suppresses type Ⅰ IFN induction in virus-infected host cells remains unclear. The present study first demonstrated that PRRSV inhibited post-transcriptionally the protein induction of IFN-β in primary porcine alveolar macrophages (PAMs) during early infection, and the inhibition effect mediated by the Chinese highly pathogenic (HP)-PRRSV was stronger. Next, we analyzed the cellular microRNA (miRNA)-modulated protein expression of porcine IFN-β by dual firefly/Renilla luciferase reporter assay, transfection of miRNA mimics and inhibitor assay and polyinosinic-polycytidylic acid (poly I:C) treatment of PAMs, showing that porcine miRNAs including let-7b, miR-26a, miR-34a and miR-145 are able to inhibit IFN-β protein expression in primary PAMs by directly targeting sequences within the porcine IFN-β 3'UTR locating at 160-181, 9-31, 27-47 and 12-32 bp, respectively. Finally, we confirmed that let-7b, miR-26a, miR-34a and miR-145, were upregulated in PRRSV-infected PAMs early in vitro, and the expression level of these miRNAs in HP-PRRSV JXwn06-infected PAMs were higher than those in low pathogenic PRRSV HB-1/3.9-infected PAMs. The endogenous cellular miRNA-mediated inhibition of IFN-β induction in PRRSV-infected PAMs early could be relieved by miRNA antagonists. Taken together, our findings suggest for the first time that PRRSV can suppress post-transcriptionally protein expression of IFN-β by upregulating cellular miRNAs in PAMs in vitro, providing novel insight into mechanisms in relation to the PRRSV-mediated immunomodulation of porcine innate immunity.
Introduction
Porcine reproductive and respiratory syndrome (PRRS), which is characterized by reproductive disorders in pregnant sows and respiratory diseases in growing pigs, is a viral disease caused by PRRS virus (PRRSV) (1, 2) . Since its first outbreak in 1987 in USA (3) , PRRS has spread to the major pig-producing countries and regions (4) , causing tremendous economic losses to the world pig industry. The emergence and prevalence of highly pathogenic (HP)-PRRSV with a 30-aa discontinuous deletion in its nsp2-coding region devastated the Chinese swine industry in 2006 (5, 6) . PRRSV, a single positive-stranded RNA virus, is classified into the genus Arterivirus of family Arteriviridae in the order Nidovirales (7) (8) (9) . This virus can be divided into two genotypes, namely types 1 and 2 (10) (11) (12) .
Studies have shown that PRRSV can utilize post-transcriptional control to inhibit the production of type I interferon (IFN) in its natural target cells (13, 14) . PRRSV-infected target cells and host pig fail to induce the protein production of type I IFN. IFN-α protein was undetectable in lungs of PRRSV-infected pigs, and only a very small amount of IFN-α protein could be detected or was undetectable in the culture supernatant of PRRSV-infected peripheral blood mononuclear cells and monocyte dendritic cells in vitro (15) (16) (17) . PRRSV cannot induce protein expression of IFN-α during viral infection, furthermore it blocks the production of IFN-α induced by porcine transmissible gastroenteritis virus (TGEV) or double-stranded RNA polyinosinic-polycytidylic acid (poly (17, 18) . However, the mRNA transcription of α and IFN-α can be activated by PRRSV in host target cells in vitro and in vivo (14, 19, 20) . These findings clearly indicate that PRRSV suppresses the production of type I IFN in host by post-transcriptional and translational control. Although several previous studies exploring the molecular basis for PRRSV-mediated inhibition of type I IFN have demonstrated that PRRSV-encoded nsp 1, nsp 2, and nsp 11 and N protein play key roles in antagonizing the activation of IFN-β promoter (21) , these focused mainly on the stage of IFN-β mRNA transcription, primarily in PRRSV permissive MARC-145 cells or non-permissive human cell culture systems. Therefore, these data have uncertain relevance to the host cells naturally infected with PRRSV. To date, the post-transcriptional mechanism concerning PRRSV-mediated innate immune response escape, especially blocking the production of type I IFN, during viral infection in host cells, remains unclear. MicroRNAs (miRNAs) are small non-coding RNAs with approximately 22 nucleotides in length, which can bind to the miRNA seed sequence (2-8 nucleotides) complementarity motifs locating usually within the 3'-untranslated region (3'UTR) of the target mRNA to directly target gene silencing through mRNA cleavage, transcription degradation or translational inhibition (22) . Although miRNAs can be induced or repressed directly by type I IFN, they play a crucial role in regulating the innate immune response including suppression or enhancement of type I IFN production (23) . Moreover, during viral infection, not only can host cellular miRNAs target directly viral RNAs or regulate host antiviral genes to modify the cellular state for performing antiviral functions, but also cellular miRNAs can be manipulated by virus to facilitate viral replication (24, 25) . Therefore, it is not surprising that PRRSV may interact with host cellular miRNAs to evade the type I IFN response. Actually, several previous studies have demonstrated that cellular miRNAs could be modulated during PRRSV infection (26) (27) (28) , and some miRNAs could promote or inhibit PRRSV replication (29) (30) (31) (32) . Simultaneously, the mRNA transcription of type I IFN could be upregulated or downregulated by PRRSV-influenced cellular miRNAs (33) (34) (35) , however, no literature on how PRRSV-modulating cellular miRNAs manipulate the protein expression of type I IFN have been documented. Different strains of PRRSV have different sensitivity to IFN-α, and possess different abilities to inhibit type I IFN induction (20) , whilst cellular miRNA expression profile in porcine alveolar macrophages (PAMs) is also identified to be PRRSV strain-specific during viral infection (26) . The inhibition of IFN-β by PRRSV is of significant difference among different type of cells (36) . PRRSV vaccine strain is insensitive to type I IFN in MARC-145 cells, however, in primary PAMs, PRRSV vaccine strain and virulent strain are sensitive to type I IFN. PRRSV has been shown to activate IFN-β transcription in porcine monocyte-derived dendritic cells (14) , but in MARC-145 cells, PRRSV inactivates and inhibits IFN-β transcription activated by poly I:C (18) . In addition to PRRSV strains and cell types, different pig breeds may also exhibit distinct characteristics during PRRSV infection. Compared with other pig breeds, PRRSV replication and proliferation can be suppressed or delayed in the PAMs of landrace pigs (37) . Cellular miRNAs in lung tissues show significantly differential expression between tongcheng and landrace pigs during HP-PRRSV infection (27) . Moreover, since the ultraviolet light-and heat-inactivated PRRSV cannot suppress type I IFN production induced by TGEV infection or poly I:C stimulation in PAMs, the inhibition of type I IFN by PRRSV in natural host cell may be pathogenicity-related (13) . Additionally, the pathogenicity between HP-PRRSV and low pathogenic PRRSV strains are significantly different in vivo and in vitro, therefore, the question of whether HP-PRRSV and low pathogenic PRRSV show differences in the regulation and miRNA modulation of type I IFN during viral infection, is of considerable interest.
In the present study, we analyzed the inhibitory effect of PRRSV infection on the post-transcriptionally protein expression of porcine IFN-β, and further explored the relationship between cellular miRNAs and IFN-β protein expression in primary PAMs.
Materials and methods

Cells and virus.
Primary PAMs were prepared as previously described (38) . PAM cell line 3D4/21 (CRL-2843) was obtained from the American Type Culture Collection (ATCC) (Manassas, VA, USA). The cells were grown in RPMI-1640 medium (Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (Hyclone Laboratories Inc., Logan, UT, USA) at 37˚C, with 5% CO 2 . The HP-PRRSV JXwn06 (GenBank accession no. EF641008) and low pathogenic PRRSV HB-1/3.9 (GenBank accession no. EU360130) were used in this study (39) .
miRNA target predictions. To analyze the interaction between cellular miRNAs and porcine IFN-β 3'UTR, we selected a serial of miRNAs, especially porcine let-7b, miR-26a, miR-34a and miR-145 obtained from miRBase (http://www.mirbase. org), and predicted miRNA-targeted binding sequences in porcine IFN-β 3'UTR, whose sequences were from GenBank (http://www.ncbi.nlm.nih.gov/GenBank), by miRanda (40), RNA hybrid (41) and PITA (42) .
miRNA mimics and miRNA inhibitors. Based on the sequences of porcine cellular miRNAs, including let-7b, miR-26a, miR-34a and miR-145, miRNA mimics and miRNA inhibitors and negative control were designed (Table I) , and were synthesized with 2'-O-methyl modification by Shanghai GenePharma Co., Ltd. (Shanghai, China).
Plasmid construction. T h ree plasm ids including pmirGLO-IFN-β 3'UTR, pmirGLO-miRNA recognition elements (MRE)-wild type (wt) and pmirGLO-MRE-mutant type (mut) were constructed based on the pmirGLO dual-luciferase miRNA target expression vector (Promega Corp., Madison, WI, USA) following the manufacturer's instructions.
To construct pmirGLO-IFN-β 3'UTR, the PCR amplification primers were designed by Primer Premier v5.0 according to the sequence of porcine IFN-β 3'UTR (GenBank accession no. M86762). PmeI and XbaI restriction enzyme sites (underlined letters) were introduced in the upstream forward primer (5'-ATAGTTTAAACACATCTCCCCCCTGTGGCT-3') and downstream reverse primer (5'-TGCTCTAGAGGATCCT TAACCCACTGATCCAG-3'), respectively. Taken PAMs genomic DNA as template, PCR was performed to generate porcine IFN-β 3'UTR by high-fidelity PrimeSTAR ® HS DNA Polymerase (Takara Biotechnology Co., Ltd., Dalian, China) according to manufacturer's instructions. After digested with PmeI and XbaI, both porcine IFN-β 3'UTR gene fragments and pmirGLO dual firefly/Renilla luciferase miRNA target expression vector were ligated together by T4 DNA ligase (Promega Corp.) following the manufacturer's protocol.
To generate pmirGLO-MRE-wt and pmirGLO-MRE-mut, according to the predicted MRE in porcine IFN-β 3'UTR for let-7b, miR-26a, miR-34a and miR-145, the DNA fragments of wild-type MRE and mutant-type MRE (base mutations in the seed region) with NotI restriction endonuclease sites were prepared by annealing the primer pairs listed in Table II under the following conductions: 94˚C 4 min, 70˚C 10 sec, 65˚C 10 sec, 60˚C 10 sec, 58˚C 10 sec, 55˚C 10 sec, 55˚C water bath to cool for 90 min, and then the resulting product DNA fragments were cloned into the pmirGLO dual firefly/Renilla luciferase miRNA target expression vector previously digested with PmeI and XbaI, by T4 DNA ligase according to manufacturer's instructions. All plasmids were verified by digesting with NotI and sequencing.
Transient transfection and PRRSV infections. The 3D4/21 cells were seeded in 24-well cell culture plates and incubated overnight until the cell density reached 70-80%, then transfected by FuGENE ® HD Transfection Reagent (Promega Corp.) according to manufacturer's instructions using the modified method in our recent study (43) . Briefly, 500 µl serum and antibiotic-free opti-MEM were added in sterile 1.5 ml centrifuge tube, then FuGENE ® HD transfection reagent was added in accordance with the proportion required, and mixed gently and placed at room temperature for 15 min; 0.5 µg plasmid DNA and miRNA mimics at a final concentration of 10 or 40 or 60 nM, were added and mixed gently and placed at room temperature for 30 min. The mixture was given to 
F and R, primer pairs were annealed and inserted into pmirGLO dual-luciferase miRNA target expression vector digested with PmeI and XbaI; b NotI restriction endonuclease site is underlined; MRE, miRNA recognition elements; IFN-β, interferon-β; 3'UTR, 3' untranslated region. the culture plates, and then mixed gently, treated at 37˚C in a humidified incubator with 5% CO 2 for 24 h. Primary PAMs with a density of about 0.5-1x10 5 cells per ml were seeded in 24-well culture plates, cultured at 37˚C in a humidified incubator with 5% CO 2 overnight. After changing to fresh medium, the cells were transfected transiently with miRNA mimics and inhibitors by HiPerFect ® transfection reagent (Qiagen China Co., Ltd., Shanghai, China) according to manufacturer's instructions as previously described (44) . Briefly, miRNA mimics at a final concentration of 10 or 40 nM, or miRNA inhibitors at 20 or 40 or 100 nM were added in 100 µl serum and antibiotic-free opti-MEM in sterile 1.5 ml centrifuge tube, and then the HiPerFect ® transfection reagent in corresponding volume ratio following the instructions was added, and treated at room temperature for 5-10 min after being mixed. The mixture was given to the culture plates after shaking gently, cultured at 37˚C in a humidified incubator with 5% CO 2 .
For viral infections, prepared primary PAMs were seeded in 6-well culture plates, and divided into three groups including JXwn06-infected group, HB-1/3.9-infected group and mock-infected group as control. In PRRSV-infected groups, PAMs were inoculated with JXwn06 or HB-1/3.9 at MOI of 0.01 or 1, and then cultured at 37˚C in a humidified incubator with 5% CO 2 . Cell samples and supernatant samples were collected at 0 h post-infection (hpi), 12, 24, and 36 hpi to detect the RNA expressions by real-time PCR and IFN-β protein expression by ELISA, respectively.
Dual luciferase reporter assay. After 3D4/21 cells were co-transfected transiently with miRNA mimics and plasmid DNA (pmirGLO-IFN-β 3'UTR orpmirGLO-MRE-wt or pmirGLO-MRE-mut) for 24 h, dual luciferase activity reporter assay was performed using dual-luciferase ® reporter assay system (Promega Corp.) according to manufacturer's instructions. Briefly, the cell culture medium in culture plates was removed, and washed twice with PBS. To lyse cells fully, passive lysis buffer was added according to its protocol, and treated at room temperature for 20 min. The lysate was transferred into a 96-well plate, and then the plate was placed at luciferase detector GloMAX TM 96 microplate luminometer (Promega Corp.) to detect firefly luciferase activity and Renilla luciferase activity. The data are shown as the ratio of firefly luciferase activity value to Renilla luciferase activity value for quantitative analysis of luciferase activity. Each experiment was repeated three times.
RNA isolation and qRT-PCR.
To extract total RNAs (including mRNA and miRNA) from primary PAMs, the prepared cell samples were lysed by TRIzol reagent (TransGen Biotech, Inc., Beijing, China) following the manufacturer's instructions. Total RNAs extracted from PAMs were digested by RQ1 RNase-Free DNase (Promega Corp.) to remove possible residual DNA according to the manufacturer's protocol. The RNAs concentration was determined, and total RNAs were subjected immediately to reverse transcription or stored at -80˚C for use.
For detection of IFN-β mRNA, 1 µg purified total RNAs and 0.5 µg random primer hexa-deoxyribonucleotide mixture (Takara Biotechnology Co., Ltd.) was mixed together, and then placed in water bath at 70˚C for 5 min, immediately cooled on ice for 5 min, the product was added to the following reaction components for reverse transcription: 4 µl 5x M-MLV reaction buffer, 1 µl 10 mM dNTPs, 0.5 µl 40 U/µl RNase inhibitor, 1 µl of 10 U/µl M-MLV reverse transcriptase (Promega Corp.), RNase-free ddH 2 O was added to 20 µl. The mixture was incubated in water bath at 37˚C for 1 h, and then cDNA template was obtained. The cDNA template was taken and diluted in the proportion of 1:20, quantitative real-time PCR (qRT-PCR) was performed using 7500 Real Time PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.) and SYBR ® Green real-time PCR master mix (Toyobo Life Science, Osaka, Japan) according to manufacturer's instructions with the primers for porcine IFN-β (45) and RPL4 (46) ( Table III) . The reaction was in a 20 µl volume containing 10 µl 2x SYBR ® Green Real Time PCR Master Mix, 0.8 µl 10 pmol/µl primer pair, 1 µl cDNA template, and 8.2 µl RNase-free ddH 2 O. The PCR conditions comprised an initial pre-denaturation at 95˚C for 1 min, and 40 cycles of 95˚C for 15 sec, 65˚C for 15 sec, 72˚C for 45 sec. To assess the specificity of PCR products, melting curve analysis and size verification were performed. Relative expression level of IFN-β gene was analyzed using the ∆∆Ct method and the housekeeping gene RPL4 mRNA was used as an internal control.
For detection of miRNAs, 1 µg of the purified total cellular RNAs was used for polyadenylation using E. coli Poly (A) polymerase (New England BioLabs Inc., Ipswich, MA, USA) according to manufacturer's instructions. To obtain cDNA template of miRNAs, the polyadenylated total cellular RNAs were reverse-transcribed with a universal adapter primer (miRNA RT Primer) or U6 downstream primer (U6-R) (Table III) using M-MLV reverse transcriptase in accordance with manufacturer's instructions. Based on miRNAs sequences in miRBase, the specific primers for porcine let-7b, miR-26a, miR-34a, miR-145 and internal reference U6, were designed and synthesized (Table III) . Quantitative real-time PCR were performed with the primers for miRNAs using 7500 Real Time PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.) and SYBR ® Green Real Time PCR Master Mix (Toyobo Life Science) in accordance with manufacturer's instructions, the specificity of PCR products were assessed as described above. The relative expression levels of miRNAs were normalized internally utilizing U6 as a reference using the ∆∆Ct method as previously described (44) .
ELISA for porcine IFN-β. To determine the protein induction of IFN-β in culture supernatants of primary PAMs, porcine IFN-β detection was performed using a commercial ELISA kit (DZE40056; DongGe Biotechnology, Beijing, China) according to manufacturer's instructions. After the cell concentration was adjusted, the prepared primary PAMs were seeded in six-well cell culture plates incubated in 10% RPMI-1640 medium at 37˚C in a humidified cell incubator with 5% CO 2 . Non-adherent cells were removed at about 2.5 h after the incubation, and then complete growth medium was added to continue incubating overnight. Primary PAMs were infected with PRRSV JXwn06 or HB-1/3.9, or transfected transiently using miRNA mimics or inhibitors, or cultured in fresh 10% RPMI-1640 growth medium containing a final concentration of 50 µg/ml poly I:C (Sigma-Aldrich, Inc., Statistical analysis. Experimental data are presented as means ± standard error of the mean. Significant differences of the variability among different groups were analyzed by two-way ANOVA test or t-test using GraphPad Prism (version 5.0; GraphPad Software, Inc., La Jolla, CA, USA) software. A P<0.05 was considered to indicate a statistically significant difference. The results showed that compared with mock group, IFN-β mRNA transcription levels increased from 12 to 36 hpi both in JXwn06-and HB-1/3.9-infected PAMs (Fig. 1A) , indicating that mRNA transcription of porcine IFN-β was upregulated in primary PAMs early infected with PRRSV.
Results
PRRSV inhibits post-transcriptionally the protein production of IFN-β in primary
The transcription levels of porcine IFN-β at MOI of 1 were higher than that at MOI of 0.01 in both JXwn06-and HB-1/3.9-infected PAMs, showing that the regulation effect of PRRSV on porcine IFN-β mRNA transcription is dose-dependent in primary PAMs infected with PRRSV. IFN-β mRNA transcription levels in JXwn06-infected PAMs were higher compared with HB-1/3.9-infected PAMs. At MOI of 0.01, the transcription levels of porcine IFN-β mRNA were significantly different at 36 hpi between JXwn06-and HB-1/3.9-infected PAMs (P<0.001). At MOI of 1, the transcription levels of porcine IFN-β mRNA were significantly different between the two strains of PRRSV at 12 (P<0.05) and 24 hpi (P<0.001), respectively (Fig. 1A) . These data indicated that porcine IFN-β mRNA transcription exhibited stronger upregulation effect in HP-PRRSV JXwn06-infected PAMs in vitro than that in low pathogenic PRRSV HB-1/3.9-infected PMAs at the same initial viral infectious dose during early infection.
On the contrary, normalized to negative control group at each time point, the protein relative expression levels of IFN-β in PRRSV-infected PAMs were downregulated (Fig. 1B) , suggesting that IFN-β protein expression was inhibited by PRRSV in primary PAMs during early infection. The concentration of IFN-β protein in the culture supernatants of negative control PAM cells increased higher than that in the culture supernatants of PRRSV-infected PAM cells at each time point, although the absolute concentration of IFN-β protein in the culture supernatants of PRRSV-infected PAM cells augmented very little as time went on during early viral infection, the relative concentration of IFN-β protein normalized to negative control decreased. To better analyze the relationship between PRRSV infection and IFN-β protein expression and better observe the variation in the IFN-β protein expression levels of PRRSV-infected PAMs, the IFN-β protein data were shown as relative expression levels normalized to negative control group at each time point (Fig. 1B) . The relative protein expression levels of porcine IFN-β at MOI of 1 were lower than that at MOI of 0.01 in both JXwn06-and HB-1/3.9-infected PAMs, indicating that the PRRSV-mediated inhibition of porcine IFN-β protein relative expression in primary PAMs is in dose-dependent manner during early infection. The downregulation of IFN-β protein relative expression in JXwn06-infected PAMs was more significant than that in HB-1/3.9-infected PAMs (Fig. 1B) (P<0.05), suggesting that the inhibition effect of porcine IFN-β protein expression by HP-PRRSV was stronger. Although it seemed to be small variation in porcine IFN-β protein production in PAMs among different treated groups, it still made biological sense, because the succedent signaling cascades would amplify the IFN-β effect thousands of times (47) .
As a whole, the above results demonstrated that mRNA transcription levels of IFN-β in primary PAMs early infected with PRRSV were upregulated, whereas its protein relative expression levels were downregulated, suggesting that PRRSV infection suppresses the protein expression of IFN-β in PAMs by post-transcriptional control, and HP-PRRSV has stronger effect on the downregulation of IFN-β protein relative expression than low pathogenic PRRSV at the same initial viral infectious dose during early infection in PAMs in vitro.
Porcine let-7b, miR-26a, miR-34a and miR-145 could inhibit protein expression of IFN-β in primary PAMs by directly targeting sequences within porcine IFN-β 3'UTR.
To understand the post-transcriptional molecular basis of the porcine IFN-β protein expression in PAMs, the roles of porcine miRNAs were investigated. Since some miRNAs had been demonstrated to regulate IFN-β protein expression in primary primate macrophages (47) , to predict the interaction between cellular miRNAs and porcine IFN-β 3'UTR in primary PAMs, the binding sequences targeted by porcine miRNAs including let-7b, miR-26a, miR-34a and miR-145 within IFN-β 3'UTR were analyzed using miRanda, RNA hybrid and PITA. The results showed that the cellular miRNAs let-7b, miR-26a, miR-34a and miR-145, could target porcine IFN-β 3'UTR, and the binding sequences were located at 160-181, 9-31, 27-47 and 12-32 bp in porcine IFN-β 3'UTR, respectively. The specific interacting keys between these miRNAs and IFN-β 3'UTR are shown in Fig. 2A .
By using pmirGLO-IFN-β 3'UTR, pmirGLO-MRE-wt and pmirGLO-MRE-mut, the interactions between miRNAs and porcine IFN-β 3'UTR were verified. The 3D4/21 cells were co-transfected transiently with pmirGLO-IFN-β 3'UTR and a final concentration of 10 or 40 nM miRNA mimics, and dual luciferase activity reporter assay was performed by dual-luciferase ® reporter assay system. As shown in Fig. 2B , miRNA mimics could inhibit the expression of firefly luciferase in pmirGLO-IFN-β 3'UTR. Compared with the control miRNA (CmiR), relative luciferase activity was suppressed by miRNA mimics, including let-7b, miR-26a, miR-34a and miR-145 at 10 nM, while at 40 nM the inhibition of four miRNAs was stronger. The 3D4/21 cells were co-transfected with pmirGLO-MRE-wt or pmirGLO-MRE-mut and miRNA mimics at 60 nM, dual luciferase activity reporter assay was then performed. The results showed that miRNA mimics inhibited the expression of firefly luciferase of pmirGLO-MRE-wt, whereas the inhibition of firefly luciferase expression by miRNA was weakened for pmirGLO-MRE-mut. The relative luciferase activity ratio between pmirGLO-MREs-mut and pmirGLO-MREs-wt was greater than 1 (Fig. 2C) . These results suggested that let-7b, miR-26a, miR-34a and miR-145 were capable of interacting with the predicted miRNA binding sequence in porcine IFN-β 3'UTR, resulting in the protein expression inhibition of porcine IFN-β.
There is a mutual regulation between miRNAs and IFN-β protein expression in PAMs.
The miRNA-regulating protein expression of IFN-β in primary PAMs was analyzed. By using miRNA HiPerFect ® transfection reagent, the primary PAMs were transfected transiently with a final concentration of 10 or 40 nM miRNAs mimics, including let-7b, miR-26a, miR-34a, miR-145 and CmiR, or a final concentration of 20 or 100 nM miRNA inhibitors including four miRNA inhibitors and negative control (CmiRi). At about 3.5 h post-transfection, a final concentration of 50 µg/ml poly I:C was used to stimulate the PAMs for 24 h, cell culture supernatant samples were then subjected to detect porcine IFN-β protein expression by ELISA kit. As shown in Fig. 3A and B, compared with the The mRNA levels of porcine IFN-β in PRRSV-infected PAMs and (B) its protein expression levels in the culture supernatants of PRRSV-infected PAMs were detected by real-time PCR and ELISA, respectively. Primary PAMs were infected with JXwn06 or HB-1/3.9 at MOI of 0.01 or 1, and then the cell and supernatant samples harvested at 0, 12, 24 and 36 hpi, were measured by real-time PCR and ELISA, respectively, while mock-infected primary PAMs served as negative control and primary PAMs stimulated by 50 µg/ml poly I:C for 24 h were used as positive control. Relative expression level of IFN-β gene was analyzed using the ∆∆Ct method and the housekeeping gene RPL4 mRNA was used as an internal control. The IFN-β protein data are shown as relative expression levels normalized to negative control group at each time point, respectively. The data represent means ± standard error of the mean of three independent experiments ( ** P<0.01; *** negative control group, miRNA mimics including let-7b, miR-26a, miR-34a and miR-145, were capable of inhibiting the protein production of porcine IFN-β in primary PAMs at 10 nM, while at 40 nM the inhibition effect of four miRNAs were significantly stronger. In contrast, compared with the negative control group, except for the miR-145, three of the four miRNA inhibitors, were able to weaken the suppression effect of porcine cellular endogenous miRNAs in primary PAMs on IFN-β protein expression at 20 nM, while at 100 nM the relieving effect of four miRNA inhibitors were significantly stronger.
The native IFN-β protein-regulating expression of cellular endogenous miRNAs in primary PAMs was further analyzed. Cell culture supernatant samples and cell samples were collected at 1, 3, 8 and 24 h after poly I:C treatment, respectively. The protein expression levels of IFN-β in the supernatants were measured by ELISA kit, miRNAs including let-7b, miR-26a, miR-34a and miR-145 in the cell samples were detected by real-time PCR using ∆∆Ct method. As shown in Fig. 3C , the expression levels of porcine IFN-β protein were increased subsequently at 3 h after primary PAMs were stimulated by poly I:C. As shown in Fig. 3D , compared with untreated cells, the levels of native endogenous miRNAs in primary PAMs were increased with varying degrees (normalized to U6 expression and mock-treated controls). Taken together, native IFN-β protein expression and cellular endogenous miRNAs could be induced by poly I:C together, and cellular endogenous miRNAs were increased only at or after the first augmentation of native IFN-β protein induction in primary PAMs, indicating that the increasing porcine native IFN-β protein could lead to the upregulation of the endogenous miRNA levels. Furthermore, the miR-26a and miR-34a had a significant increase, and let-7b was initially increased, and then decreased; the miR-145 showed an increase at a low level; the let-7b and miR-26a were upregulated significantly in the early stage of IFN-β protein expression at a low level, demonstrating that it was exquisite for native IFN-β protein to modulate the expression of cellular endogenous miRNAs in primary PAMs.
In short, the four cellular miRNAs could modulate the protein induction of IFN-β in PAMs, meanwhile, the native IFN-β induced in PAMs could also regulate the expression of four endogenous miRNAs, suggesting that a negative feedback loop might exist in the regulation of porcine IFN-β protein on the expression of cellular miRNAs including let-7b, miR-26a, miR-34a and miR-145.
PRRSV infection suppresses IFN-β protein expression in PAMs by upregulating cellular miRNAs.
In order to investigate the modulation effect of the four cellular miRNAs during PRRSV infection, the levels of miRNAs in PRRSV JXwn06-infected and HB-1/3.9-infected primary PAMs were detected by real-time PCR. The results showed that the cellular miRNAs including let-7b, miR-26a, miR-34a and miR-145 in primary PAMs were increased along with time proceeding following PRRSV infection (Fig. 4A) . The levels of four miRNAs could be upregulated approximately by 2-7 fold at 24 hpi, indicating that PRRSV infection is capable of inducing the generation of cellular let-7b, miR-26a, miR-34a and miR-145 during the early infection. The levels of let-7b, miR-26a, miR-34a and miR-145 in JXwn06-infected PAMs were significantly higher than those in HB-1/3.9-infected PAMs at 24 hpi (P<0.05 or P<0.01), suggesting that the HP-PRRSV JXwn06 exhibits a higher ability of inducing let-7b, miR-26a, miR-34a Figure 2 . miRNAs target sequences located in the porcine IFN-β 3'UTR. miRNA recognition elements (MRE) in the porcine IFN-β 3'UTR for porcine let-7b, miR-26a, miR-34a and miR-145, were predicted using miRanda, RNA hybrid and PITA. (A) Porcine IFN-β 3'UTR gene was cloned into the downstream of firefly luciferase in pmirGLO dual firefly/Renilla luciferase miRNA target expression vector, and the expression of pmirGLO-IFN-β 3'UTR luciferase was inhibited in 3D4/21 cells transfected with miRNA mimics at a final concentration of 10 or 40 nM, (B) 3D4/21 cells were co-transfected with pmirGLO-MRE-wtor pmirGLO-MRE-mut and miRNA mimics at 60 nM, the fluorescence results are shown as the ratio of mt to wt MREs (C) the data represent means ± standard error of the mean of three independent experiments. IFN-β, interferon-β; 3'UTR, 3' untranslated region; MRE, miRNA recognition elements; mt, mutant type; wt, wild-type.
and miR-145 levels than low pathogenic PRRSV HB-1/3.9 during early infection.
The roles of miRNAs in PRRSV-mediated inhibition of porcine IFN-β protein expression were further analyzed. Primary PAMs were transfected transiently with miRNA inhibitors including the antagonists of let-7b, miR-26a, miR-34a and miR-145 at a final concentration of 40 nM, and then infected with JXwn06 or HB-1/3.9 at MOI of 1. The porcine IFN-β protein expression was measured by ELISA kit. As shown in Fig. 4B , the protein expression of IFN-β was upregulated in the miRNA inhibitor-transfected primary PAMs during PRRSV infection at 24 hpi, suggesting that the miRNA inhibitors including the antagonists of let-7b, miR-26a, miR-34a and miR-145, were able to relieve PRRSV-mediating inhibition of porcine IFN-β protein expression to a certain extent. Compared with PRRSV-infected PAMs transfected with all miRNA inhibitors, but miRNA-145 inhibitor, the protein expression of IFN-β in HB-1/3.9-infected PAMs were higher than that in JXwn06-infected PAMs (P<0.05), indicating that an equal amount of three miRNA inhibitors more effectively relieve low pathogenic PRRSV-mediated inhibition of porcine IFN-β protein expression. This provided further evidence that HP-PRRSV-mediating inhibition of porcine IFN-β protein expression was stronger than low pathogenic PRRSV.
Discussion
Type I IFN-(α/β), most efficiently induced by leukocytes such as macrophages and dendritic cells, play multiple important functions in the innate and adaptive immune responses of host against various virus infections (48, 49) . PAMs are important host target cells for PRRSV infection and replication. It is helpful for understanding the pathogenesis of PRRSV to investigate the interaction between the virus and its host cells. Previous studies have demonstrated that PRRSV is a poor inducer of type I IFN in vitro and in vivo (1, 50) . In the present study, cellular miRNA-mediated regulation of IFN-β protein expression was investigated in primary PAMs infected with PRRSV in vitro. Our results showed that the transcription level of IFN-β mRNA was increased, but its protein expression was decreased in PRRSV-infected PAMs in the early stage, suggesting that there was a post-transcriptional inhibition mechanism of IFN-β protein expression. Cellular miRNAs, including let-7b, miR-26a, miR-34a and miR-145, were capable of downregulating the porcine IFN-β protein expression via targeting the binding sequences of IFN-β 3'UTR, while porcine native IFN-β protein could modulate cellular endogenous miRNAs expression using a negative feedback mechanism. Moreover, the four miRNAs were upregulated in PRRSV-infected PAMs, and their inhibitors could relieve PRRSV-mediated suppression of porcine IFN-β protein expression.
Previous study has shown that post-transcriptional mechanism was involved in type I IFN induction in host cells during PRRSV infection (13) . Here, we found that IFN-β mRNA transcription could be activated, but its protein production was inhibited in PRRSV-infected PAMs during early infection, suggesting that PRRSV-mediated inhibition of IFN-β protein production occurred in a post-transcriptional manner. Our results are consistent with previous studies using PAMs and porcine monocyte-derived dendritic cells (14, 20) . Studies have demonstrated that some nsps and N protein of PRRSV were involved in inhibiting the IFN-β promoter in MARC-145 cells and human cells (21) , it is debatable whether these results are similar in natural host cells of PRRSV, as the findings reported on mouse hepatitis virus (51) .
Different pathogenic PRRSV isolates might be of distinct features in post-transcriptional control of IFN-β. Our results presented that HP-PRRSV JXwn06 and low pathogenic PRRSV HB-1/3.9 induced differential levels of IFN-β protein expression in PAMs in vitro during early infection, and the post-transcriptional inhibition of IFN-β induced by JXwn06 was stronger than that by HB-1/3.9 at the same initial viral infectious dose, indicating that different pathogenic PRRSV strains have different ability in the regulation of IFN-β protein expression in vitro. Our data are consistent with the study that the IFN phenotypes induced by PRRSV field isolates were distinct in vitro (20) , and is similar to the study that the Chinese HP-PRRSV isolate displayed more inhibitory effect than PRRSV strain VR-2332 in the suppression of CpG-ODN-induced IFN-α responses by enriched plasmacytoid dendritic cells (pDC) (50) . The differential IFN-β response of PAMs to different pathogenic PRRSV strains may be due to the viral distinct characteristics or variation in efficiency of viral infection and replication. Chinese HP-PRRSV JXwn06 possess higher replication efficiency and infection capacity than low pathogenic PRRSV HB-1/3.9 in PAMs in vitro at the same initial infectious dose [data not shown, as our similar recent study described by Li et al (52) ], which may contribute to the stronger post-transcriptional inhibition effect of porcine IFN-β protein expression by HP-PRRSV. Since IFN-β is the first batch of host genes expression after PRRSV infection and a few fold changes in its protein level leads to almost amplifying the IFN-β effect thousands of times by the signaling cascades (47) , the differences between HP-PRRSV and low pathogenic PRRSV in the inhibition of IFN-β induction in PAMs during early infection might correlate with their different virulence and replication efficiency in vivo. Compared with wild-type viruses, UV-and heat-inactivated PRRSV fail to suppress type I IFN production in vitro induced by TGEV or poly I:C, indicating that virus replication and cytopathogenicity are essential for PRRSV to inhibit the expression of type I IFN (1, 53) . Previous studies showed that type I IFN induction correlated with the virulence of some viruses (54) . Additionally, our recent study showed that HP-PRRSV and low pathogenic PRRSV elicited differential TNF-α subtype production in vitro, suggesting that different pathogenic isolates of PRRSV might possess different capacity to induce other cytokines in vitro (43) .
Post-transcriptional control of the IFN system is involved in multiple levels of regulation including mRNA stability, alternative splicing, translation, and post-translational effects (55) . miRNAs have been shown to play important roles in regulating the IFN-α/β response at the post-transcriptional level (23, 56) . Given that there is a subset of IFN-α and a single IFN-β subtype, and neither a single IFN-α subtype nor all IFN-α can be activated by reported stimuli (57), we chose porcine IFN-β to investigate the interaction between miRNAs and type I IFN. In the present study, our results indicated that porcine IFN-β protein expression in primary PAMs could be downregulated by cellular let-7b, miR-26a, miR-34a and miR-145 which are capable of targeting the binding sequences of porcine IFN-β 3'UTR. Similar phenomenon has been described by an early study using primary primate macrophages (47) . It is possible that porcine IFN-β response is modulated at different levels in primary PAMs, even more miRNAs may be involved in this regulation. Therefore, further studies are required to discover additional mechanisms or miRNAs in primary PAMs.
PRRSV has evolved several strategies to evade and antagonize anti-viral immune responses of host including using miRNAs (58) . Data presented in this study showed that cellular endogenous miRNAs including let-7b, miR-26a, miR-34a and miR-145, were upregulated in PAMs during early infection of PRRSV, and miRNA antagonists enhanced the production of porcine IFN-β protein, implying that PRRSV may utilize the cellular miRNAs including let-7b, miR-26a, miR-34a and miR-145, to negatively regulate porcine IFN-β response post-transcriptionally, and further to facilitate virus replication, since porcine IFN-β has been shown to protect PAMs from PRRSV infection (59) . Interestingly, similar to Li et al (35) , a recent study has demonstrated that miR-26a overexpressed in MARC-145 cells triggered IFN-β signaling pathway during PRRSV infection, but the protein expression of IFN-β was not increased, indicating that miR-26a may modulate the IFN-β expression post-transcriptionally (34) . Similarly, since miR-373 could downregulate the transcription of IFN-β via targeting cellular factors such as NFIA, NFIB, IRAK1, IRAK4 and IRF1, PRRSV could upregulate the expression of miR-373 by elevating Sp1 expression in MARC-145 cells during viral infection (33) , which suggests that PRRSV is capable of altering cellular miRNA expression to modulate immune response and to facilitate the viral immune escape. Consistent with this possibility, PRRSV infection can not only suppress host miR-125b and poly I:C-induced miR-23, but also elevate miR-146a, suggesting that these miRNA-mediated regulations might be strategies for PRRSV to evade the type I IFN response (30, 33, 60, 61) . Supporting this, many viruses could induce miRNAs to escape from immune responses such as enterovirus 71-induced miR-146a in the mouse model, HCV-induced miR-21 in hepatocytes and respiratory syncytial virus-induced let-7b in DCs (62) (63) (64) . Our present data suggested that porcine IFN-β production could be augmented by suppressing the expression of endogenous miRNAs including let-7b, miR-26a, miR-34a and miR-145, which could be a new approach in future exploration to prevent PRRSV infection.
In conclusion, our findings for the first time demonstrated that the protein expression of IFN-β could be suppressed by porcine cellular miRNAs, including let-7b, miR-26a, miR-34a and miR-145, in PAMs by directly targeting the sequences within the porcine IFN-β 3'UTR. PRRSV could inhibit the IFN-β protein expression in PAMs by means of upregulating the levels of the four porcine miRNAs during early viral infection, which may contribute to the post-transcriptional control of IFN-β in PRRSV-infected host cells and to the establishment of viral persistent infection. The molecular mechanism by which PRRSV upregulates cellular miRNAs in host cells will be explored in the future.
